Melanin is a biopolymer with unique set of applicable physical and chemical properties. The impact of a moisture-saturated air pulse (~1 s) on dynamic current-voltage (I-V-), charge-voltage (Q-V-) and transient (I-t-) characteristics of fungal melanin thin layers was investigated. The pulse hydration gives rise to sharp increase of conductance and capacitance (by I-V-loops and I-t-curves swing), transferred charge (by Q-V-loops swing) and causes the appearance of the following peculiarities: "hump"-like on I-V-loops, "knee"-like on I-V-curves and "step"-like on I-t-curves. General shape of I-V-loops was modelled under low hydration by linear series-parallel RC-circuit and under high hydration by the circuit with anti-series Zener diodes as nonlinear elements. By processing of bipolar I-V-loops and I-t-curves allowing for unipolar ones, the maxima of displacement current -voltage loops were revealed and their similarity to current maxima observed under ionic space charge transfer in metal-insulator-semiconductor structures and under polarization reversal in ferroelectrics is discussed. Corresponding processing of bipolar Q-Vloops evidences general shape of obtained dielectric displacement -voltage loops characteristic to ionconducting materials. As a reason of observed transformations, the appearance of temporal polar media with reversible ferroelectric-like polarization and ionic space charge transfer is considered. Obtained results disclose the functional capabilities of melanin based sensing devices operating in dynamic mode for both hydration and driving voltage.
Introduction
Melanins represent an important class of ubiquitous in flora, fauna and human body biomacromolecular pigments [1, 2] with wide spectrum of physiological poly-functionality [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , namely, photoprotection [1, 2, 5, 6, 11, 15] , neuro-stimulation [3, 8, 9, 13] , free-radicalscavenging [4, 7, 14] and metal-ion chelation [5, 7, 12] functions.
The technical interest in natural allomelanin, eumelanin and pheomelanin [1, 4, 10] extracted from plants and synthetic eumelanin and melanin-like materials is associated with their hybrid ion (proton) -electron charge transport [16, 17, 18] . This results in promising applications in organic bio-electronics and iontronics [20] [21] [22] [23] as bio-inspired functional materials of organic electrochemical bipolar junctions and field-effect transistors [21, 24, 33, 34] , in particular, for ionic-to-electronic current transduction [16, 24] , memory [27, 29] and other devices [24, [28] [29] [30] [31] [32] and biosensors [26, [33] [34] [35] 36] .
Permanent interest in melanins is associated also with prospects of their photoreactivity [37] , photovoltaic and optoelectronic applications [16, 24, [38] [39] [40] [41] [42] including melanin layer on silicon (Si) structures [27] [28] [29] [30] and eumelanin-porous Si bulk heterojunctions [43] development and also compositions of melanin with other compounds [44] .
Non-decreasing interest in fungal melanin [15, 45] , as in melanins synthesized by microorganisms [10] , is associated with their biomedical role (e. g. radioimmunotherapy [15] ), antiviral activity [49] and bio-technological importance [10, 15, [45] [46] [47] [48] [49] [50] (e. g., for dermocosmetic applications [15] ). The main reason of hydration-dependent conductance of eumelanin is the water assisted proton conduction [16-19, 22, 27, 72-76] , which can be realized for eumelanin with participation of basic DHI and/or DHICA monomer molecular units by following ways. 1. Proton (H + ) release due to ionization of hydroxyl OH -groups, at the catechol sites [15] of DHI and/or DHICA [37] 
where DHI-COOH = DHICA, HOH = H2O. 3. The possibility of protons (H + ) release associated with molecular nature of inducible melanin radicals (extrinsic free radical centers), which has been demonstrated by Sarna and Lukiewicz [79] . They took under consideration the proper to eumelanin chemical interaction of monomer units leading to creation of free radical centers and protons described by redox equilibrium between fully oxidized (IQ), fully reduced (H2Q), and semi-reduced/oxidized (SQ -) monomer units [37] IQ + H2Q ↔ 2SQ -+ 2H + .
(3) As was noticed in [37] , any agent that can modify the comproportionation ↔ disproportionation equilibrium influences the content of free radical centers and so the same of protons also. 4. In the presence of water, the way of appearance of charge carriers of both sign proposed in [16, 22] , considered in [24, 80] and confirmed in [17, 18, 81] includes comproportionation reaction in the view [16] :
H2Q + IQ + 2H2O ↔ 2SQ -+ 2H3O + .
(4) Here water content is the agent that can perturb comproportionation equilibrium and shift the local chemical reaction at the catechol sites toward the products for hydrated samples [16, 15, 81] .
Such water induced chemical self-doping [16, 15, 24, 81] determines the concentration as electrons (localised on disturbed catechol sites of SQ -after H + release from H2Q) as protons (released from catechol sites of H2Q) providing the carriers for charge transfer.
As was shown in [16, 22] and summarised in [17, 18, 24, 80] , namely the proton conduction is the main component of melanin hydration-dependent conductance, and consequently, adopted since the 1970s Mott-Davis amorphous semiconductor model is not valid in the case of melanin [16, 22, 24, 80, 81] . In this connexion, the results of pioneer work by McGinness et al. [71, 72] relatively to observation of reversible bi-stable threshold switching of resistance of DOPA-melanin pellets were discussed in the terms of water absorption and hydrolysis, and were considered by Mostert et al. [16] as associated with non-uniform hydration of pellet samples.
The authors of [16] , using muon spin relaxation and electron spin resonance techniques, proved the presence of locally mobile protons and electrons localized on extrinsic free radicals (SQ -), showed increasing conductivity and densities of both electrons and protons with hydration via water induced self-doping, and classified eumelanin as a hybrid proton-electron conductor.
Above mentioned studies of electro-physical characteristics of melanin based structures [15, 16, 27, [73] [74] [75] were performed in mHz -Hz frequency range (s -ks time-scale) corresponding to quasi-static conditions, and therefore the information obtained concerns the final quasi-stationary stage of electric charges transfer and their trapping/release processes. Information about the initial stage of charge transfer process can be obtained when operating under dynamic conditions for both applied voltage and humidity changing.
The transition from quasi-static to dynamic mode of generation and measurements the humidity dependent conductivity of melanin is well-timed for the future increase of operation speed of above-mentioned bio-electronic and iontronic melanin based devices. However, the electrical properties of hydrated melanin in the dynamic mode have not yet been studied sufficiently widely [17, 18] .
The tendency of hydrated melanin to dendrite formation, even when a relatively low dc voltage (~1 V) is applied [82] , is similar to the trend of other ionic conductors, in particular, proustite, Ag3AsS3, ferroelectric-ionic with predominant Ag + -ionic conductivity [83, 84] .
It is also worth to note that the above mentioned results [71, 72] have some resemblance to the reversible bistable threshold switching of the impedance observed for Au/Ag3AsS3(Ag3SbS3)/Au systems [85] .
In contrast to the quasi-static mode, in a dynamic mode the ac driving voltage is applied to the sample under study, and relatively slow electrochemical processes do not have enough time to complete and become irreversible [85] .
The first step in this direction was made in [87] , where quasi-static and dynamic currentvoltage characteristics of melanin based planar structures were obtained and their features were considered. However, the other applicable electrophysical characteristics of hydrated melanin, such as charge-voltage and transient, have not been fully investigated in dynamic mode.
Below are presented the results of complex investigation of the effect of pulse hydration on the dynamic bipolar and unipolar current-voltage and charge-voltage characteristics and transient currents of fungal melanin thin layers included in metal-melanin-metal planar structure.
Experimental

Sample preparation
The powder of studied fungal melanin (FM) extracted from Basidial fungus Fomes fomentarius (Tinder Polypore) and purified was supplied by Prof. L. F. Gorovyi (Institute of Cell Biology and Genetic Engineering, National Academy of Sciences of Ukraine) [88] . The light absorbance, photoluminescence and photovoltaic properties of the FM were characterized earlier [40] . Darkbrown coloring and the main features of absorption spectra of studied FM were similar to those observed for eumelanin samples.
The FM powder was dissolved in distilled water at concentration of 10 mg/ml (1 w/w %). The FM films were obtained by drop casting of the water solution on glass substrates with preliminary vacuum-evaporated indium tin oxide (ITO) electrodes).
The films of FM were inhomogeneous by thickness and possessed fibriform structure. Average film thickness measured by rod micrometer was about 10 μm.
Two stripe-like ITO electrodes were placed in parallel close to each other forming channel that length and width were 100 μm and 4 mm, respectively. The film of the melanin and ITO electrodes formed ITO/melanin/ITO planar structure (MPS) under investigation (Fig. 1). 
Measurements
Pulse humidity impact on dynamic electrophysical characteristics of MPS was studied basing on our previous investigations of meso-porous and zeolite-like systems [89] [90] [91] [92] [93] [94] [95] , in particular, porous silicon [92, 93] and rubidium polytungstate ceramics [95] , applied also to MPS [87] . At that, the humid air flux pulses with duration of (1-3) s and relative humidity, HR, near of 95 % were directed on the open surface of the MPS samples through the thin pipe from pumped chamber contained moisture-saturated air.
Dynamic current-voltage (I-V-) and charge-voltage (Q-V-) loops and transient currenttime (I-t-) curves were registered in the multi-cycle mode.
Direct oscilloscopic observations of hydration impact induced variations of Q-V-and I-V-loops, I-V-and I-t-curves were performed by the same way as for metal/ferroelectric/metal structures [96, 97] using modified Sawyer-Tower circuit [98] for Q-V-loops and Merz circuit [99] for I-V-loops and I-V-and I-t-curves (see the details in [100] [101] [102] [103, 104] and applied afterwards to detect the motion of protons in SiO2-based materials [105, 106] and mobile ions detection in polymers [107] .
For bipolar Q-V-and I-V-loops registration, ac triangular driving voltage was applied to the MPS sample, which, in this way, operates in repetitive stepless poling -depoling regime (so called polarization reversal mode [100] [101] [102] ).
Unipolar Q-V-and I-V-curves were registered in the sweeping mode under periodic unipolar (both positive and negative) saw-tooth driving voltage of half period of the duration (e. g. 50 ms at 10 Hz of repetitive frequency). At that, the sample operates in repetitive only positive or only negative poling modes.
For bipolar I-t-curves registration, the sample was driven by ac meander voltage that gives repetitive sharp poling -depoling by rectangular pulses of opposite polarity (so called polarization switching mode [100] [101] [102] ).
Unipolar I-t-curves were registered under periodic unipolar rectangular dc voltage pulses (both positive and negative) with half period of the duration (only positive or only negative pulse poling).
The driving voltage amplitude varied in the range of (0 -±10) V with the frequency in the range 1 Hz -1 kHz.
The voltage on reference resistor (capacitor) in the sample circuit was displayed and measured using two-channel YB54060 (Sinometer Instruments) digital storage oscilloscope. The temporal variations of the I-V-and Q-V-loops and the I-tcurves were examined during and just after of humid air pulse, as well as during the initial state restoration. Hydration with a pulse of humid air leads to significant changes of the I-V-loop shape (Fig. 2 , left, top). First, increase of zero-voltage (Vd = 0) I-V-loop width and slope corresponds to increase of C-value and decrease of R-value respectively under humidity impact. Second and the main, the appearance of considerable current-voltage nonlinearity reflects the occurrence of significant R-and C-voltage dependences, which cannot be reproduced by linear RC-circuit. In general, leaf-like shape of I-V-loop observed under hydration (but with no of "humps") modelled using combined series-parallel nonlinear circuit (Fig. 2 , right, top) with two in anti-series connected Zener diodes forming so called stabistor (S) as nonlinear RC-element.
Averaged conductivity values estimated from dynamic I-V-loop at HR = 95% (
that is a few higher of (10 −4 -10 −3 ) S•cm −1 reported in [18] for eumelanin films at HR = 90%. Figure 3 presents bipolar I-V-loops and unipolar I-V-curves for the same MPS sample obtained at HR = 70 % (Fig. 3 , bottom) and just after humid air pulse impact (Fig. 3, top) .
Dynamic bipolar current-voltage loops and unipolar current-voltage curves: displacement current loops
For I-V-loops ( Fig. 3 , left), hydration by humid air pulse leads to the appearance of characteristic "humps" on forward run and "bends" on backward run of the loop at close voltages Vh ≈ ±6 V and Vb ≈ ±5.8 V, respectively.
For humidified MPS (Fig. 3, left) , the hump-like peculiarities during forward runs of both positive and negative branches of I-V-loop apparently correspond to a reversible variation of the degree of RC-nonlinearity in a certain voltage range.
For I-V-curves ( Fig. 3 , middle), hydration by humid air pulse leads to increase of average slope and to change of the shape from linear (Fig. 3 , bottom) to non-linear ( At low hydration (HR = 70 %) (Fig. 3, bottom) , weakly distinguished disturbance-like peculiarities of ID-V-loop are noticeable.
For ID-V-loop at high hydration (HR = 95 %) obtained just after humid air pulse finish (Fig. 3, top) , during forward ID(V) run, one well pronounced poling maximum (I) with voltage position Vm1 ≈ ±5.5 V is revealed. During backward ID(V) run, two depolarization maxima (II and III) with voltage positions Vm2 ≈ ±6.5 V and Vm3 ≈ ±1.5 V respectively are revealed. For maximum II slight splitting is distinguished.
The value Vm1 ≈ ±5.5 V is close to the position of "humps" and "bends" on bipolar I-Vloop Vh ≈ ±6 V and Vb ≈ ±5.8 V (see Fig. 3 , top, left) and to the position of "knee" on unipolar I-V-curve Vk2 ≈ ±5.3 V (see Fig. 3 , top, middle). This proximity together with close position of Vm3 ≈ ±1.5 V and Vk1 ≈ ±1.5 V (see Fig. 3 , top, middle) allows considering the hydration as a common reason of these peculiarities. It is worth to note here that these Vm3 and Vk1 values are rather close to the potential of water anodic oxidation in the conditions of electrode polarization [107] that is near twice higher (≈ 1.5 V) of well-known standard electrode potentials of anodic water decomposition: E = + 0.815 V (corresponding reaction is 2H2O -4e‫-‬ = O2↑ + 4H + ) [107, 108] .
The maxima I of ID-V-loop for MPS resemble the displacement current maxima characteristic of ferroelectrics materials, where they are related with the hysteretic dependence of polarization P(V) under its reversal by external voltage V(t) [100] [101] [102] . In this case, the displacement current ID = (dP/dt) = (dP/dV)·(dV/dt) has two maxima of different polarity. Consequently, the maxima I of the bipolar ID-V loops observed under voltage increase for hydrated MPS samples are similar to the maxima of polarization reversal currents characteristic of ferroelectric materials [100] [101] [102] . For hydrated MPS samples, the maxima I of bipolar ID-Vloop seems to be related with reorientation of the dipole moments of polar molecules (in particular, water ones) during poling by the applied external voltage (see below in Discussion).
It is necessary to note that the "humps" on bipolar I-V-loops under forward run are characteristic also for SiO2-based structures with mobile ion charge carriers that transfer temporarily increases the conductivity due to additional displacement current [103] [104] [105] [106] [107] . In MPS, such processes can be related with proton transport, and polarization effects can occur either in the sub-electrode layer or in the volume near the nanoscale inhomogeneities inherent to melanin [39, 52, 56, 59, 61] . The maxima II and III observed for hydrated MPS samples under the backward run of bipolar ID-V-loop are likely associated with restoring of initial state of polarization during poling voltage decrease after reaching its maximum. Similar current maxima one can observe in ferroelectrics with so-called "elastic" domains [102] . In particular, in H-bonded molecular crystal triglycine sulphate, the "elastic" domains nucleate and start to grow during poling and spontaneously return to its initial state during poling voltage vanishing [110, 111] due to elastic character of domain walls interaction with defects [102] .
Evidence of the effect of hydration on the polar properties of natural and synthetic melanin was manifested during thermally stimulated depolarisation current (TSDC) measurements [73, 74] . During heating the sample previously polarized by external voltage, several TSDC peaks were detected (in particular, four main TSDC peaks [74] ). Electret-like behaviour of hydrated melanin shows its ability to possess an intrinsic polarisation, associated with weakly and strongly bounded water fractions [73, 74] . Infrared spectroscopy of natural and synthetic melanin [76] revealed three distinct components in the main OH stretching band, which correspond to the presence of three different water populations with different behaviour depending on melanin molecular structures and character of H-bonding.
Three maxima revealed on bipolar ID-V-loop of hydrated melanin (Fig. 3 , right, top) are evidently connected with several groups of HOH-molecules (three in our case) taking part in polarization -depolarization process. Depending on bounding characteristics with different melanin molecular units (see e.g. [112] ), these water molecular groups, due to different pinning degree after reorientation, can behave themselves similarly to "stable" or "elastic" domains in ferroelectrics [100, 102] . In general, the shape of I-t-curves of MPS, in particular, sharp maximum of instantaneous initial current I0, subsequent relaxation current decrease, quasi-stationarity of final current Iτ and their strong increase under pulse HR rise, agrees with the results [17] for Sigma melanin films under stationary HR increase (see Fig. 4a ,b in the Ref. [17] ).
The shape of low-HR I-t-curves (Fig. 4, bottom) corresponds to series-parallel linear RCcircuit (Fig. 2, right) and linearity of low-HR I-V-curves (see Fig. 3, bottom) .
Temporal hydration under humid air pulse impact (Fig. 4, top) results in near two order of magnitude increase of current pulse swing (compare with Fig. 4, bottom) along with the appearance of characteristic smoothed "step" on a trailing edge of the current pulse, followed by the region of slow relaxation (in comparison with faster initial) (see Fig. 4, top) .
This transformation, namely increase of initial I0 and final Iτ current values, together with increase of averaged I-t-curve slope corresponds to decrease of R and increase of C values of equivalent series-parallel RC-circuit (see Fig. 2, right) . At that, the current I0 and Iτ rise caused by humid air pulse impact develops during the response time τ1 ~ 1 s.
In temporally hydrated state, which take place after humid air pulse termination, the "step" region on high-HR I-t-curve (Fig. 4) , as the "humps" on high-HR I-V-loop and the "knees» on high-HR I-V-curve (Fig. 3) , is retained during retention time τ2 ≈ (3 -5) s.
The "step" is more pronounced under high HR and decreases under restoration of the initial state in the course of dehydration of MPS sample. The restoration of initial low-HR shape of I-t-curves is accompanied by "step" disappearance and occurs during recovery time τ3 ≈ (30 -60) s.
In Figure 5 are presented the transient curves -the traces of initial (I0) and final (Iτ) values of transient current pulses before, during and after of humid air pulse impact -with indications of response, "retention" and recovery stages and corresponding characteristic times τ1, τ2 and τ3.
The duration of the response stage (τ1 ~ 1 s) is almost equal to the length of humid air pulse. The durations of retention stage (τ2 ~ 10 s) and of recovery stage (τ3 ~ 100 s) depend on humid air pulse duration. The sequence of characteristic times τ1, τ2 >> τ1 and τ3 >> τ2 (see Fig.  5 ), to all appearance, reflects the difference in the durations of absorbed water in-diffusion, hydration -dehydration of melanin matrix and water release due to out-diffusion and desorption processes.
It is worth to note that in the dynamic mode, the character of the temporary increase of I0 and Iτ values during the response stage (during τ1) for MPS (Fig. 5 ) is in correspondence with increase of initial and final currents for Sigma melanin films under gradual HR increase from 60 % to 90 % in the static mode [17] (see Fig. 4a ,b in the Ref. [17] ).
Dynamic bipolar and unipolar current-time curves: transient displacement currents
The shape difference of bipolar (Fig. 4, left) and unipolar (Fig. 4, middle) I-t-curves is associated with contribution of polarization displacement current for I-V-curves obtained at bipolar meander voltage (Fig. 4, left) and lack of this contribution for I-V-curves obtained at repetitive unipolar dc voltage pulses (Fig. 4, middle) .
Similar situation is characteristic of ferroelectric materials: pulses of polarization switching current are observed when electric field is antiarallel to polarization direction, and are not observed when electric field is parallel to polarization direction and polarization switching does not occur [100 -102] .
Elucidation of real shape of transient polarization displacement current, ID(t), which contribute to the total current of bipolar I-t-curve, can be performed as for I-V-loops and I-Vcurves (see Fig. 2 ) by subtraction the current contribution given by unipolar I-t-curve from bipolar I-t-curve. Obtained displacement current-time ID-t-curves are presented in the Figure 4 , right.
At low hydration (HR = 70 %) (Fig. 4, bottom) , ID-t-curves of MPS have weakly distinguished diffuse maximum, which disturbances are similar to noticeable on low-HR ID-Vloop (see Fig. 2, bottom) .
ID-t-curves of highly hydrated MPS after humid air pulse impact (Fig. 4, top) have one well-defined and good-shaped maximum with an inclined top. Similar pulse-like peculiarities of I-t-curves are characteristic of ferroelectric materials where they are related with displacement current maxima ID = ∂P/∂t during polarization switching by pulse external voltage V(t) higher than the coercive one [100] [101] [102] .
It is worth to note that the existence of "humps" on I-t-curves is characteristic also for semiconductor systems under transfer of injected charge carriers [113] . In MPS, the processes similar to proton injection [117] can be related with proton generation under pulse hydration.
On the supposition of similarity of pulse hydration effect and injection of charge carriers (protons supply in our case), one can to estimate the mobility of protons from time position of maximum on the transient ID-t-curve. According to [113] , the mobility μ value is given by the equality μ = L 2 /Vτ, where L is the interelectrode "flight" distance, V is the applied voltage, τ is the characteristic time of flight.
Obtained from ID-t-curves (Fig. 4 , top, right) proton mobility value for MPS is μp ≈ 0.7•10 -3 cm 2 /Vs. This μp value is noticeably less of proton mobility in water 3.62•10 -3 cm 2 /Vs [78, 114] and of proton mobility in maleic-chitosan channel ≈ 5•10 -3 cm 2 /Vs derived under modelling a biopolymer based field-effect transistors [115] . Relatively low μp value for MPS can be considered as a consequence of high level of chemical and structural disorder in melanin molecular hierarchy [52, 56, 59 ]. Figure 6 presents the dynamic bipolar Q-V-loops (Fig. 6, left) and unipolar Q-V-curves (Fig. 6 , middle) obtained for MPS samples at Hr = 70 % before (Fig. 6, bottom) and just after of humid air pulse of relatively high (Hr = 95 %) humidity (Fig. 6, top) .
Humidity impact on dynamic bipolar charge-voltage loops and unipolar charge-voltage curves
Typical transformation of Q-V-loops and Q-V-curves of the MPS samples under humid air pulse impact consists in multiple (more then two order of value) increase of their size along the Q-axis (Fig. 6, top and bottom) . This reflects considerable increase of the transferred electrical charge value and corresponds to increase of I-V-loops and I-V-curves slope (see Fig. 3 ) and I-t-curves swing (see Fig. 4 ). However, as distinct from I-V-loops and I-V-curves, humid air pulse impact leads to only slight changing of Q-V-loops and Q-V-curves shape (compare Fig. 6 , top and bottom).
By processing Q-V-loops and Q-V-curves similar to that used for I-V-loops and I-Vcurves (see above), the contribution of the charge QD associated with displacement current ID in the total transported charge was derived. Obtained displacement charge QD-V-loops are presented in the Figure 6 , right.
After the subtraction the charge connected with conductivity (Q-V-curves) from the total charge (Q-V-loops), the shape of obtained QD-V-loops changes from rounded (see Fig. 6 , left) to the shape with pronounced rectangularity degree (see Fig. 6, right) .
(Breaks at close to zero voltages is an artefact associated with the uncertainty of the behaviour of Q-V-curves in the vicinity of zero voltage, distorted by the transition process, starting immediately after driving voltage saw-tooth pulse finish (see breaks at zero voltage in Fig. 6, middle) ).
Discussion
Observed leaf-like shape of I-V-loop of MPS under high hydration (Fig. 2, left) is similar to the shape of I-V-loop of rubidium polytungstate, Rb4W11O35, porous ceramics also obtained just after humid air pulse impact (Fig. 7, left) [95] .
The character of transformation of bipolar Q-V-loops of MPS under pulse HR changing and their general shape in highly hydrated state (Fig. 6, left) is similar to obtained for porous Rb5W11O35 ceramics (Fig. 7, middle) [95] . For Rb4W11O35, the transformation of I-V-and Q-V-loops and I-t-curves are considered as related with the forming of temporal polar protonic/ionic conducting media due to H2O adsorption enhanced electronic and/or protonic/ionic space charge transfer with participation of H + and Rb + ions (vacancies) [95] .
Taking into account predominance of proton (H + ) ionic conductivity in hydrated melanin [17, 18] , it is worth to compare obtained QD-V-loops of MPS samples with the same of other ion conducting material.
In Fig. 7 , right is presented Q-V-loop of Au-electroded thin plate of ferroelectric-ionic proustite, Ag3AsS3, with predominant Ag + -ionic conductivity [83, 84] . General shape of QD-Vloops of MPS samples for both low and high hydration level is close to the same of Q-V-loops of Au/Ag3AsS3/Au structure (compare Fig. 6, right and Fig. 7, right) . Seemingly, this resemblance is a consequence of general similarity of H + -ion transfer in ITO/melanin/ITO and Ag + -ion transfer Au/Ag3AsS3/Au structures. In melanin molecular units, proton donors, such as hydroxyl (−OH) and carboxyl (−COOH) groups [18] , occupying side positions in each molecule can form H + -conducting inter-monomer bonding, similar to Ag + -bonding of As(Sb)S3 − umbrella-like complexes in Ag3As(Sb)S3 [116] .
Performed X-ray photoelectron spectroscopy of Sigma melanin [18] have revealed the presence of about 0.8 −COOH moieties per DHICA-monomer unit together with relatively high content of uncyclized units in the eumelanin films. Basing on this fact, the −COOH group vas classified as the dominant source of protons in the eumelanin films [18] .
In accordance with [18] , proton transport via hydronium H3O + molecules originated from adsorbed water is realized under low hydration level by H3O + molecular drift (so called "vehicle mechanism" [117] [118] [119] [120] [121] ). Under high hydration level, proton transport is realized by H + -ions intermolecular hopping [24, 15] at the moment when each oxygen atom simultaneously releases and receives a proton through the cleavage and formation of covalent -O-H bonds (structure diffusion by co-operative proton transport or "Grotthuss mechanism" [117] [118] [119] [120] [121] ).
In the process of water assisted proton hopping, local disturbance of melanin molecular units via interaction of their ionisable radicals (e.g. -H in DHI and -COOH group in DHICA) with polar water molecules (dipole moment 1.84 D ≈ 6•10 -30 C•m) can be considered as one of possible reasons of polar reaction of hydrated melanin.
Polar reaction of hydrated melanin appears also to be associated with contribution related with polar properties of melanin molecular units and their redox forms. Riesz et al. [122] and Meng and Kaxiras [54] have been estimated the dipole strength for melanin species and for eumelanin (assuming averaged DHI and DHICA molar weight as the monomer weight) experimentally from UV-vis absorbance spectra and theoretically using density functional theory. For tyrosine, determined dipole strength is 1. (1) - (4).
Actually, such melanin precursors as tyrosine, DOPA and DHICA molecules contain a proton donor carboxylic acid group (−COOH), and tyrosine and DOPA molecules contain a proton acceptor amine group (NH2 and/or NH) [10, 18] . At that, if proton donors and acceptors belong to various redox forms (e.g. dopa-quinone, cysteinyl-dopa, cysteinyl-dopaquinone [10, 37] ), they can form different kinds of H + -conducting intra-and inter-oligomer bonding in melanin molecular associations [39, 56] . In this case, due to different conditions of proton localization and hopping, the difference in parameters of polar reaction under hydration can arise. This statement is in agreement with ability of synthetic and natural melanin to store electrical charge and/or polarization due to presence of "easy" and "hard" types of water [73, 74] and with presence of three different water populations with differing behaviour depending on molecular structures and character of H-bonding [76] . Water content depended electret effect in synthetic and natural melanin [73, 74] is in correspondence with ferroelectric-like polar reaction of fungal melanin displayed by revealed pulse hydration generated peculiarities of currentvoltage and transient current behaviour (Figs 3 and 4) .
Similarity of charge-voltage loops shape of hydrated fungal melanin and ferroelectricionic semiconductor Ag3AsS3 (Fig. 6, right and Fig. 7 , right) is in correspondence with predominant proton conduction in hydrated eumelanin conductance [16, 17, 18, 22, 24, 80] and with model of charge transfer developed in [18] , where hysteretic current-voltage characteristics and transient currents with diffuse but perceptible maxima under high humidity also were observed (see Fig. 2 and Fig. 3 in [18] ).
Polarization processes appeared either in near electrode regions (as in Ag3AsS3 [85] ) or in the volume in vicinity of inherent to melanin nano-scaled non-homogeneities [5, 52, 56, 59, 61] seems to be responsible for space charge type reaction of hydrated melanin.
Taking into consideration the results of atomic force microscopy (AFM) [17, 52, 61, 123, 124] and infrared (IR) spectroscopy [124] , including Fourier transform IR spectroscopy (FTIR) [74] , to characterization of melanine structure and water states, it is reasonably to apply such powerful analytical technique as nano-FTIR imaging, based on atomic force microscopy (AFM-IR) [126, 127] .
In AFM-IR [128] , the absorption of incident IR-radiation by different molecular groups results in different thermal expansion. At that, AFM-tip apex operates as a sensor of local absorption [126] and uses for probing of such local photo-thermal response proportional to the absorption coefficient. In AFM-IR, the thermo-elastic step height between two absorbing nanoregions is proportional to the difference of their adsorption coefficients and inversely proportional to the heat transfer coefficient, and the spatial resolution is linearly proportional to the sum of inverse light adsorption coefficients and to the effective thermal transfer length [128] .
Observed temporal rise of electrical conductivity and capacity of melanin under pulse hydration can be associated with forming temporal polar proton conducting media similar to nanoscaled electrolytic bath network. At that, temporal deviation of polar molecular units from "side-by-side" orientation in different 2D oligomers [52-54, 59-61, 66, 67] seems possible. This can lead to perturbation of inter-oligomer π-π-interaction inside of 3D nanoaggregates [61] , and consequently, to variation of their dimensions. Such changes in the structure of melanin during hydration, which are distinguishable by means of FTIR [76] , seem possible to be registered using IR-AFM. Therefore, further elucidation of water-assisted intra-and inter-oligomer proton transfer by applying recent advances in IR-AFM, namely infrared vibrational chemical nanoimaging with few-nanometer spatial resolution [129] , seems desirable.
Returning to mentioned in Introduction potentiality of melanin applications in bioelectronics, iontronics and biosensing , in particular for ionic-to-electronic current transducers [16, 24, 130] , one can remark the following:
1. The basic functional units of devices for ionic-to-electronic current transducing are the proton channel transistors (PCT) [24] , electrolyte-gated field-effect transistors (EGFET) [24, 35, 131 -134] ) and ion-sensitive field-effect transistor (ISFET) modified by gate extending [35] .
2. In the Ref. [24] it vas noted that the sensors based on PCT and EGFET "offer the potential to read ion or proton current flows, or changes in chemical species concentration via an electronic signal" and in the Ref. [35] it vas summarised that "The use of melanin as an active layer in EGFET devices is quite promising".
3. Taking into account the results [17, 18] for planar structures Pt/melanin/Pt and the results [27] [28] [29] [30] [31] for sandwich structures Au/melanin/ITO, one can consider the results of performed study of planar structures ITO/melanin/ITO as promising for PCT and EGFET.
In fact, current-voltage loops, current-time curves, and charge-voltage loops obtained for ITO/melanin/ITO planar structures can be considered as prototypical ones for melanin-based sensitive layers in PCT and/or EGFET/ISFET, which operate with pulse hydration in dynamic mode. Furthermore, in the dynamic mode, three orders increase of sensor operating frequency (from mHz to Hz range) for both hydration and driving voltage is manifested.
Use of AFM tip as a gate electrode covered by aqueous melanin suspension or highly hydrated melanin film gives the possibility of operating with the matrix of nano-dimensioned EGFETs as in bias-assisted and/or immersion AFM nanolithography techniques [135] . Therefore, one more linkage between the biological systems and bio-electronic devices is displayed.
Conclusion
The effect of short-time pulse hydration on the complex of applicable electro-physical characteristics of ITO/fungal melanin/ITO planar structure is investigated in the dynamic mode.
Reversible transformations of dynamic bipolar and unipolar current-voltage (I-V-) and charge-voltage (Q-V-) loops and curves, as well as transient current-time (I-t-) curves under impact of moisture-saturated air pulse of 1-3 s of durability are registered.
It is shown that the pulse hydration leads to multiple increase of conductance, capacitance and transferred charge (more than 10-fold increase of I-V-and Q-V-loops and I-t-curves swing) and causes the appearance of the various peculiarities, namely "hump"-like and "knee"-like ones on bipolar I-V-loops, "knee"-like ones on unipolar I-V-curves and "step"-like ones on bipolar It-curves.
Under low hydration, the I-V-loops are modelled by linear series RC-circuit at low frequences and by linear parallel RC-circuit at high frequences. Under high hydration just after humid air pulse finish, the main features of I-V-loops are modelled by series-parallel RC-circuit with anti-series Zener diodes as nonlinear elements.
Performed processing of bipolar I-V-loops and I-t-curves, by subtraction of unipolar I-Vcurves and I-t-curves respectively, proves existence of maxima of polarization displacement currents ID on ID-V-loops and ID-t-curves, which appear under hydration.
For displacement current-voltage ID-V-loops, the maxima are similar to the current maxima observed under ionic space charge transfer in metal-insulator-semiconductor structures and under polarization reversal in ferroelectric materials. For transient displacement current ID-tcurves, the maxima are similar to the current maxima observed under polarization switching in ferroelectric materials.
At the same time, QD-V-loops, obtained after similar treatment of Q-V-loops, have the shape characteristic to ferroelectric-ionics with predominant ionic conductivity. Estimated from ID-t-curves proton mobility value ≈ 0.7•10 -3 cm 2 /V•s is a few less of known for biological protonic semiconductors based field-effect transistors.
Considered peculiarities of I-V-loops and I-t-curves, as well as the increase of Q-V-loops swing, appear as a response on humid air pulse during ~ 1 s, are retained during 3 -5 s and disappear during recovering of initial low hydrated state within ≈ 1 min.
Observed transformations of the electro-physical characteristics of melanin during pulse hydration are hypothetically associated with the formation of temporary polar proton conducting medium, similar to a network of nano-scaled electrolytic baths. In this regard, the prospect of further elucidation of the features of water-assisted intra-and inter-oligomer proton transfer by applying the recent advances in IR-AFM is briefly discussed.
As a possible application in bioelectronic devices related to proton channel transistors and electrolyte-gated channel transistors, using dynamic mode for both hydration and driving voltage is proposed.
